The transmission properties of a novel high numerical aperture polymer-based fiber are detailed. The proposed fiber features a large core (520 μm) suspended in air by three bridges of ∼3 μm thickness. Unlike existing high NA fibers featuring a large number of subwavelength supports, the bridge size in our fiber is not subwavelength. However, as there are only three such bridges and the core diameter is large, our fiber still confines light efficiently in the inner core. We then detail a modified cutback measurement procedure to study fiber transmission loss. We report an extra ∼5 dB m −1 leakage loss from the core through the bridges in addition to the core material absorption loss. We then present a numerical aperture measurement procedure for relatively short fiber pieces guiding in the non-equilibrium mode distribution regime. An NA of over 0.60 was demonstrated for fiber pieces smaller than 30 cm and was shown to decrease gradually for longer fibers. Furthermore, even for fibers as long as 80 cm a relatively high NA of over 0.3 was observed. Finally, we have demonstrated high NA operation of such fibers when the fiber tip was inserted into a highly diffusive aqueous environment (milk). We have also demonstrated a much higher light collection efficiency of our fibers compared to that of a simple rod-in-the-liquid fiber of identical diameter. We believe that the proposed fiber has a strong potential for short range evanescent sensing and light collection applications due to the fiber's simple fabrication methodology, wide unobstructed air channels, relatively low loss and high NA.
Introduction
Polymer materials offer wide material diversity and flexible processing, enabling cost-effective fabrication of complex fiber geometries for a broad range of applications [1] . Among others, high numerical aperture (NA) microstructured polymer optical fibers (MPOF) promise solutions in high bandwidth data communications [2] and optical sensors [3, 4] . When designing fibers with high numerical aperture [2, 5] , one usually faces the problem of a lack of material combinations with high enough refractive index contrast. The use of an airfilled porous cladding is one way of achieving such a high refractive index contrast: however, great care should be taken to avoid leakage of light through the material bridges that support the fiber core in air [6, 7] . A common solution to this problem is making the support bridges subwavelength, thus preventing light from escaping, while placing many of such bridges in close proximity to each other for structural support. Both glass-and polymer- [8] based high NA fibers have been demonstrated.
Fabrication of such fibers is typically challenging [9, 10] and requires several drawing steps, although single-step fabrication may, in principle, be possible via extrusion [11] . In this paper we report fabrication of a novel all-polymer high NA fiber that consists of a large core suspended in air by only three relatively thick walled (several wavelengths in size) bridges (see figure 1) . If the sum of thicknesses of all the bridges is much smaller than the circumference of the fiber core, then the light is still going to be well confined inside of the core if the fiber length is not too long. The relatively thick walls of the support structure guarantee a good structural integrity with only a few bridges. Additionally, the presence of only a few support bridges makes the large air channel surrounding the core relatively unobstructed. This feature is important for sensing applications, which typically require filling the air channel with the analyte. The unique geometry of the proposed fiber offers a large interaction area, thus enhancing device sensitivity. Finally, fabrication of the proposed fibers through stack and a single draw process without preform pressurization is considerably simpler compared to the multiple draw process with pressurization which is used for the fabrication of classical high NA MOFs.
We would like to stress again that the proposed fibers use a different confining mechanism than that used by classical high NA fibers featuring a great number of subwavelength bridges. To our knowledge, this is the first time when high NA operation is demonstrated and a guidance mechanism is detailed for a fiber that uses a few optically thick supports rather than a large number of thin subwavelength bridges. Although we do not expect that our fibers can compete with classical high NA fibers in terms of transmission loss or high NA for fiber lengths longer than 50 cm, however, for applications requiring short lengths (sensing, medical imaging, etc) our fibers can be a viable alternative. Moreover, our fiber is the only high NA fiber that features a relatively unobstructed 75 μm wide microfluidic channel. This is a direct consequence of the fact that we use just a few large and mechanically strong supports in place of a large number of smaller and finer supports as is the case in the classical high NA MOFs. Having wider microfluidic channels allows much simpler connectivity protocols for analyte injection into such fibers; wider channels also enable high throughput (sampling) rates, which is critical for sensing applications.
Another key purpose of this paper is to study the numerical aperture (NA) of the microstructured optical fibers (MOFs) operating outside the traditional regime of modal equilibrium distribution. The classical definition of NA is the sine of half of the acceptance angle of a fiber. The NA for standard total internal reflection (TIR) fibers is exclusively defined by two parameters only-the refractive index of the fiber core and the refractive index of the fiber cladding. NA in multimode fibers, in particular, is measured after a long enough propagation length so that the equilibrium distribution of relative modal powers is achieved. Therefore, according to the classical definition of NA applied to standard TIR fibers with modal distribution in equilibrium, NA cannot depend on the fiber length. Recently, several novel fiber types such as microstructured, photonic crystal and photonic bandgap fibers have been demonstrated. For many of these fibers direct application of the concept of NA by analogy to the TIR fibers is not possible. For example, multimode bandgap fibers do not guide by TIR confinement, therefore all the modes in such fibers are inherently leaky. Because of the strong differentiation of losses of such modes, the overall modal composition can change dramatically over several meters of propagation through such fibers. Moreover, very frequently only several tens of centimeters or several meters of such fibers are needed for particular applications. Therefore, in many cases the operation of such fibers is far from equilibrium with respect to the modal content.
In this paper we extend the concept of NA to the case of short spans of microstructured fibers dominated by leaky modes, and in which modal distribution is far from equilibrium. As in the case of a standard NA measurement we define NA of a short span of a microstructured fiber as the sine of half of the divergence angle at the fiber output for the overfilled mode launching conditions. In our case, not surprisingly, we find that the fiber NA depends strongly on the fiber length. The implication of the high NA concept to the short fiber spans is, however, similar to that for the standard fibers. High NA fibers allow efficient collection and transmission of light characterized by a broad angular content (such as diffused light). The only difference is that, in the case of microstructured fibers, one is limited by a certain maximal propagation length to preserve the light angular content.
Fiber fabrication
Details of the fiber fabrication are as follows. The fiber was made of the commercial polymethyl methacrylate (PMMA) tubing purchased from McMaster-Carr. The fiber preform consisted of a hollow tube of 31.75 mm outside diameter (OD) and a solid rod of 12.70 mm OD. This particular choice of fiber dimensions was made mostly due to the availability of commercial tubing. The precaution was taken to choose the thinnest walled hollow capillaries in order to minimize the relative size of the support bridges. The PMMA tube and rod were degassed and annealed in a vacuum oven at 90
• C for 48 h prior to use. Capillaries of ∼1.8 mm OD were drawn from one of the PMMA tubes and then annealed. The tube, rod and capillaries were then stacked in a 30 cm long preform with a cross section shown in figure 1(a) . To keep the capillaries straight and well aligned, they were glued at the preform extremities. Prior to drawing, the preform was consolidated vertically in the drawing furnace at 130
• C for over a day. The capillaries were well annealed and rigid enough to avoid misalignment, warping and bending during consolidation. Moreover, the temperature was low enough so that no visible deformation of the preform was observed after consolidation. At the same time the temperature was still high enough, and the consolidation process was long enough, to let the preform subcomponents 'stick' together. The preform was then drawn at 175
• C at a speed of 1 m min −1 . The final fiber dimensions are 900 μm for the fiber outer diameter, 520 μm for the inner core diameter, 75 μm for the air channel width and 45 μm for the diameter of an individual bridge capillary of ∼3 μm wall thickness. We note that care should be taken when bending such fibers to prevent detachment of the microstructure from the outer cladding. In our experiments we ensured that the minimum bending radius of the 1 mm outer diameter fiber exceeded 3-5 cm.
We would like to note that, for the industrial strength fabrication of such fibers, one would probably want to use a much higher drawing speed than the one mentioned above, which is readily possible by drawing at higher temperatures. At higher drawing temperatures, however, one might need to pressurize the bridge capillaries to prevent their collapse during drawing. To keep the fiber fabrication as simple as possible and to avoid pressurization of the capillaries we chose to operate at lower drawing temperatures which, in turn, demand lower drawing speeds to prevent fiber breakage. Currently, with a 2.5 cm diameter and 30 cm long preforms we can consistently draw in a single run up to 200 m of 1 mm outer diameter fiber.
Finally, we would also like to briefly describe the procedure used to cleave the fabricated fibers. It is well appreciated that cleaving of the plastic microstructured fibers is especially challenging due to the relative softness of plastics. To cleave our fibers we have designed and fabricated a special cleaver. The cleaver contains a temperature-controlled flat substrate to which one attaches the fiber to be cleaved. The cleave is done by a vertically moving blade whose speed of descent and temperature are also controlled. The greatest challenge in cleaving the fibers described this work is to make sure that the blade temperature is not too hot as to partially melt the outer cladding and to collapse the air channel between the cladding and the core, while not too cold so as to crack the fragile air bridges. After much parameter optimization we could guarantee that the air channel always stays open: however, we could not prevent at least some of the bridges from cracking. We believe, however, that the problem encountered in maintaining the structural integrity of the bridges at the fiber input and output facets should not influence the conclusions of this paper as the launching condition used is always an overfilled mode launch, while the output light is collected only from the inner core region.
Characterization of the fiber transmission loss
We now present optical characterization of the drawn fibers. We expect that the two main attenuation mechanisms in the proposed fibers are material absorption of the PMMA polymer and light leakage through the capillary bridges from the fiber core into the cladding. The simplest way of ascertaining the optical power leakage from the fiber core by way of bridges into the fiber cladding is by imaging the fiber output face for several increasing fiber lengths. Figure 2 shows photos of the near-field intensity distributions at the fiber output face for fiber lengths of 4.5, 15.7 and 57.5 cm. Unsurprisingly, the fiber cladding becomes brighter as the fiber length increases. This change, however, is quite gradual over fiber lengths of up to ∼0.8 m, indicating that the leakage rate from the fiber core into the cladding is relatively small and its value is consistent over the whole fiber length. It also appears consistent that the power guided in the fiber cladding is always much smaller than the power guided in the fiber core even after a propagation length of ∼0.8 m. This indicates that the light leaked from the fiber core into the fiber cladding is further efficiently scattered outside of the fiber.
The spectral attenuation of the fibers (solid blue curve in figure 3 ) was then measured using a modified cutback technique with the aid of a supercontinuum white-light source and a monochromator. In our measurements, on the fiber output end we used a circular iris diaphragm to prevent the light that leaked from the fiber core into the cladding from passing into the monochromator. Thus, only the power guided in the core was considered for the fiber attenuation measurements. Transmission losses of the proposed fiber (solid blue) and a PMMA rod having the same diameter as the fiber core (dashed red). Losses of the PMMA rod are mostly due to polymer material absorption while losses of the suspended core fiber are due both to absorption and power leakage.
In particular, by placing the diaphragm immediately after the fiber output end, and by projecting the outcoming light onto a circular diaphragm, we could adjust the diaphragm size to spatially cut the light coming from the outer cladding ring. This technique is equivalent to near-field filtering. We found that this blocking technique leads to essentially the same output reading as long as the outer cladding is completely blocked, while the inner core is completely exposed. As the air gap between the fiber core and cladding is sufficiently large, it was never a problem to find the correct diaphragm size to satisfy both of these conditions. A small freedom of choice for the size of the diaphragm left by the finite size of an air gap between the core and cladding did not result in a discernible change in the signal strength. In every measurement, the broadband spectrum of a collimated supercontinuum source was focused at the center of the fiber core using a 10× 0.25 NA microscope objective. Between measurements, the fiber was removed from the optical set-up, cut to a shorter length (from the output end), re-installed into the set-up and, finally, carefully aligned to achieve consistent incoupling conditions between measurements. As this procedure differs significantly from the standard cutback measurement during which the input end of a fiber stays fixed, in the following paragraph we present our cutback method in greater detail.
When using the cutback technique one gradually cuts the fiber and records the intensity of the transmitted light through shorter and shorter fiber pieces. When dealing with straight and relatively short fibers this means that the distance between light coupling and outcoupling assemblies should be reduced between the two consecutive measurements. Due to the use of a beam expander and a near-field filtering assembly between the fiber output end and the monochromator, the outcoupling assembly was found to be impractical to move. The beam expander was necessary to convert the angular distribution of the outcoupled light to match the acceptance angle of a monochromator. Due to the complexity of the monochromator optics, in our implementation of the cutback method we, therefore, preferred to displace the incoupling assembly. As we have used a well-collimated beam of a supercontinuum source for our measurements, displacement of the incoupling objective did not lead to changes in the intensity of the focused beam.
Additionally, as our measurements involved cutting originally long fibers (1 m) down to very short lengths (as short as 4 cm), for shorter lengths it was problematic to cut the fibers without removing them completely from the optical characterization set-up. This problem arises mainly from the fact that we had to use a special fiber cutter mentioned earlier in the paper to guarantee good quality of the output facet. The smallest fiber size which can be used with such a cutter is 4 cm because of the cutter design. Therefore, one of the challenges in using the cutback method with short fiber pieces is to guarantee consistent launching conditions at the fiber input end before removing the fiber and after reinstalling it back into the set-up. The problem was largely alleviated by the fact that we used overfilled mode launching (OML), which is easy to reproduce experimentally. One particular OML implementation that we have used involved focusing a collimated beam with a high NA objective into the center of a fiber input facet. To guarantee consistent launching between the two consecutive measurements one has to ensure that the fiber input cross section is always in the focal plane of the objective and that the spot of a focused supercontinuum beam is in the same position within the fiber cross section. To satisfy these two conditions the image of the input facet of a fiber and reflection speckle from a focused supercontinuum beam were imaged simultaneously at infinity by means of a beamsplitter (projection on a wall 2 m from the beamsplitter). The beamsplitter was inserted along the optical path of a collimated supercontinuum beam several cm before the incoupling objective. During re-aligning, the fiber was also side illuminated by a halogen lamp so that the image of a fiber coupling facet was clearly visible on the wall. By adjusting the position of a coupling objective so as to minimize the size of a speckle representing the reflected portion of the focused supercontinuum beam we could guarantee that the fiber facet was at the focal plane of the objective. Moreover, by marking on the wall the features of the fiber input facet together with a speckle from the focused supercontinuum beam we could then remove the fiber, cut it (from the output side) and then reinsert the fiber back in such a way as to guarantee the same orientation of the fiber cross section and the same position of a focused supercontinuum beam within a fiber cross section with a transverse precision of about 3 μm (inside a 500 μm diameter core). By removing the input fiber end, and by reinserting it back using the above-mentioned procedure, we have verified that the output spectrum and its intensity could be consistently reproduced within the noise level of a supercontinuum source.
Furthermore, we would like to note that, as the fiber dimensions are quite large and the input condition is an overfilled mode launch via point excitation in the middle of a fiber core, we believe that non-core mode excitation in the input plane is negligible. This assumption is furthermore confirmed by the near-field pictures of the output of short fibers where only the core is lit, while no light is visible in the air gap, bridges or cladding.
As we have mentioned previously, several factors contribute to the total loss of the proposed fiber, namely the material absorption of the PMMA polymer and light leakage through the capillary bridges. In order to estimate losses caused only by the leakage of light, the fiber transmission spectrum was compared to that of a PMMA rod of diameter equal to that of the fiber core (dashed red curve in figure 3 ). The PMMA rod was drawn from the same material as the one used for making the fiber core, employing the same drawing parameters. Assuming that the microstructured fiber core and an equivalent polymer rod have the same material loss and comparable interface roughness due to similar processing, the difference between the two corresponding transmission spectra should give the leakage loss from the fiber core through the bridges into the cladding. The proposed suspended core fiber exhibits a transmission loss close to 10 dB m −1 for the whole visible spectral range. On the other hand, the lowest loss of the industrial grade solid PMMA rod in the visible is measured to be ∼5 dB m −1 which includes both material absorption and interface scattering losses. Therefore, almost one-half of the microstructured fiber transmission loss can be attributed to the leakage loss through the bridges. We note in passing that, in principle, the use of optical grade PMMA could improve the fiber performance as such a purified plastic can exhibit absorption loss as low as 0.16 dB m −1 .
Characterization of the fiber numerical aperture
Next, the numerical aperture of the proposed fiber has been characterized as a function of the fiber length (see figure 4) . Two types of microscope objectives, 40×, 0.60 NA and 60×, 0.75 NA, were used for coupling light into the fiber. The numerical aperture of the fiber sample is defined as NA = sin(θ 5% ), where θ 5% characterizes the angular spreading of an outgoing beam, and is deduced from the beam width at exp(−3) 5% of the maximum in the output far-field intensity distribution. The schematic of a NA measurement set-up is presented at the top of figure 4. In our measurements, NA was averaged over the visible spectrum as we have used the collimated beam of an infrared filtered supercontinuum whitelight source. As in the case of a cutback measurement, we always started with a long fiber, then cut it to shorter and shorter lengths while measuring the fiber NA for each fiber piece. To ensure high quality cuts the fiber was removed between measurements and cut with a special cutter described above. When reinserted back into the optical measurement set-up we followed the same alignment procedure as during the cutback measurement to ensure consistent launching conditions.
In figure 4 we present the dependence of the microstructured fiber NA as a function of the fiber length for the two series of measurements using different microscope objectives. Two different fiber pieces of very similar diameters were used in this experiment. From the figure we see that fiber NA decreases as the fiber length increases. This behavior can be readily rationalized by employing a ray picture for the propagation of light in the large core multimode fibers. In particular, consider an external ray incident on the fiber input interface at an angle θ i (inset in figure 4 ) from the medium with refractive index n i . Inside of the fiber core of refractive index n c , such a ray will propagate at an angle θ f . The two angles are related by Snell's law n i sin(θ i ) = n c sin(θ f ). Applying Snell's law for the same ray at the surface of the fiber core one can show that, for any choice of incidence angle θ i , such a ray will be reflected back into the fiber core as long as n 2 c /n 2 i − 1 > 1, which is satisfied in our experiments, where n c 1.49 and n i = 1. Therefore, if no bridges were present in the structure of a fiber, and if no scattering or propagation losses were present either, the NA of such a fiber would be strictly 1.
We now evaluate the effect of the bridges and propagation loss on the NA of a fiber. Defining D f to be the fiber core diameter, after a distance L 1 = D f / tan(θ f ) a ray will bounce off the core/air-cladding interface; if L is the length of a fiber sample, before arriving at the fiber end a ray will exhibit L/L 1 bounces. Every time a ray strikes the core/aircladding interface a T portion of its power leaks out through the bridges into the cladding. The amount of power leakage per bounce is proportional to the ratio of the total thickness of all the bridges to the total circumference of the cladding T = δ/(π D f ). By inspection of figure 1, the total thickness of the six contact points between bridge capillaries and the fiber core is estimated to be δ 18 μm. In a fiber of length L, power loss due to leakage will then
Moreover, for a ray traveling at an angle, the effective propagation length from one end of the fiber to the other will be L/ cos(θ f ). Therefore, total propagation loss due to material absorption will be exp(−(α abs / cos(θ f ))L). Defining α abs and α lk = δ/(π D 2 f ) to be the fiber absorption and leakage losses, for the power attenuation of the ray launched at θ i we write
Angular beam spreading at the fiber output is characterized by the angle θ NA o . By definition, the ratio of intensities of an outgoing ray traveling with θ NA o to the ray intensity at zero propagation angle is P out (θ NA o )/P out (0) = exp(−3). Numerical aperture of a fiber is then defined as NA = sin(θ NA o ). Using δ = 18 μm, D f = 520 μm and assuming isotropic launching conditions P in (θ NA i ) = P in (0), we find that, for the steepest ray that defines NA, leakage loss dominates over absorption. This particular ray exhibits losses of α lk = 91 dB m −1 and α abs ∼ 10 dB m −1 . In this limit (1) simplifies and the fiber NA can be found analytically:
Finally, by the dashed line in figure 4 we show the prediction of the theoretical model (2) . We observe that, despite its very simple geometrical interpretation, it matches well experimental data for longer fiber pieces. For short fibers, however, the measured NA is apparently limited by that of the incoupling objective. At this point we would like to discuss limitations of our theoretical model. One of the key assumptions is that there is no backcoupling of light propagating in the cladding back into the fiber core. This assumption effectively means that all the light that is leaked into the cladding scatters outside the fiber before it could be coupled back into the core. Scattering on the outer boundary of the fiber cladding is typically due to imperfections and contamination of the fiber outer surface. As we have mentioned earlier, by observing light distribution in the cross sections of the microstructured fibers of different lengths we find that this assumption is largely valid even for longer fiber lengths (see figure 2) . Detailed theoretical modeling (not presented here) shows that our theoretical prediction for the fiber NA would not be greatly modified if the relative power in the outer cladding is lower than 10% of the total power propagating through the whole fiber (under the assumption of equal leakage probabilities from and into the fiber core). This is largely confirmed by our observations.
High NA fibers for collection of diffused light and microfluidics
In this last section we present an example of application of our fibers for collection of highly diffused light. We also demonstrate the use of a built-in microfluidic channel to draw in various liquids or air, and then study the corresponding changes in the fiber light collection efficiency. We have established that, when filled with air, the fiber transmission is much stronger than when the fiber is filled with water, which we rationalize by the drastic change in the fiber NA. Moreover, we observe that, when filled with a highly diffusive aqueous liquid (milk), fiber transmission is the smallest, signifying that additional scattering on the fiber core/microfluidic channel interface can increase significantly fiber transmission loss. Finally, we observe that filling the fiber with various liquids is simple and fast (filling rates of ∼1 cm s −1 ) due to the large size of a microfluidic channel.
In view of these experiments we believe that our fiber can enable several important applications related to the delivery through the fiber of liquid reagents, pharmaceuticals, fluorescent dyes, etc, as well as simultaneous detection of their effect via optical interrogation of a target by the same high NA fiber. Another application that we envision for our fibers is an optically controlled dosimetry where microdosages of liquid analytes could be placed into the fiber microfluidic channel and their displacement inside the fiber could be monitored via changes in the fiber optical properties. Finally, we envision applications of these fibers for evanescent optical sensing where the fiber microfluidic channel could be used to draw the target analyte, while changes in the structure of the activated interface of the fiber core (exposed to the analyte) can be used for optical transduction via a differential optical loss measurement. (c) Schematic of light propagation in our fibers. We assume that the light leaked from the fiber core into the fiber cladding is scattered completely outside of the fiber from the imperfections at the fiber outer surface.
In figure 5 (a) we show a photograph of the experimental set-up for testing light collection and microfluidic properties of our microstructured fibers. To implement the broad angular spread of the launched light we placed the input end of a test fiber into a syringe filled with a highly diffusive aqueous liquid (milk, with a refractive index almost identical to that of pure water). The milk-filled syringe was then rigidly fixed on the optical table, and then illuminated from one side by a halogen lamp source. The output end of a fiber was kept in place by the fiber holder, while an adjustable diaphragm was used to restrict cladding light from entering the monochromator optics. Unlike in the two previous experiments (cutback and NA measurements), at the fiber input end both the fiber core and cladding were equally illuminated by the diffused light. To strip light from the fiber cladding we have used abrasive paper along the fiber outer surface. We have found that it is typically enough to scratch several cm of the fiber to remove completely the cladding light.
For the optical measurements the fiber was pre-filled with water and connected to a milk-filled syringe so that the fiber tip was sticking by several mm into the main syringe chamber. Then, a small amount of water was drawn in again to ensure that no air bubble was trapped at the fiber input end. The output end of the fiber was always checked by eye to ensure that there was no liquid droplet blocking the fiber core. In this arrangement, the first light transmission measurement was performed in the visible spectral range using a monochromator (see figure 5(b) , the curve labeled '1st step-water in'). The next measurement was performed by drawing water into the syringe, while having the fiber output end exposed to air. As a result the fiber microfluidic channel was filled completely with air. Care was taken so as to not move any part of the optical set-up when filling the fiber with air. In this arrangement, the second light transmission measurement was performed (see figure 5(b) , the curve labeled '2nd step-air in'). Note that transmission through the air-filled fiber is almost three times stronger than in the case of a water-filled fiber. As the absorption loss of water in the 450-650 nm spectral range is below 1 dB m −1 , while the fiber core absorption loss was estimated to be around 5 dB m −1 , we believe that the principal reason for transmission enhancement in the air-filled fibers is the increase in their acceptance angle (fiber NA). For our third measurement we filled the fiber with milk from the syringe by moving the piston in until the milk reached the output fiber end. With the milk in we have recorded the lowest transmission through the fiber (see figure 5(b) , the curve labeled '3rd step-milk in'). We explain this result by an increase in the light leakage from the fiber core via enhanced scattering at the fiber core/microfluidic channel interface. This scattering is promoted by the particles of fat (suspended in milk) that find themselves at the fiber core interface. Finally, as a control experiment, we fill the fiber with air again by drawing the milk back into the syringe. Consistent with the first air-in experiment we again observe high transmission through the fiber (compared to the water-filled fiber), however with a somewhat smaller amplitude. We attribute this to the partial contamination of the fiber core surface with the particles of fat during the withdrawal of milk.
Note that this series of experiments was designed in such a way as to avoid any movement of the fiber during filling it with liquids or air. The only moving part in this set-up was a syringe piston, and even its movement was restricted to several mm. Furthermore, the same experiment was performed for five different fiber lengths of L = 11, 13.5, 16, 18.5 and 21 cm, and the same trends as described above were observed in every experiment. Thus, the ratio of the transmitted power in the airfilled fiber to that of the water-filled fiber was in the range 2-3, while the same ratio for the water-filled and milk-filled fibers was always more than 2.
For completeness, in figure 5(c) we present a schematic of ray propagation in our fibers, which allows a simple estimate of the fiber NA using Snell's law. In this model we assume that the light leaked from the fiber core into the fiber cladding is scattered completely outside of the fiber by imperfections at the fiber outer surface. Assuming that n f > n i n g n a , and using Snell's law in the form n i sin(θ i ) = n f sin(θ f ) = n o sin(θ o ), as well as n i cos(θ i ) = n g sin(θ g ), we can find an analytical expression for the fiber NA:
Finally, taking n i = 1.33, n f = 1.49 and n o = 1 for the airfilled fiber n g = 1 we get N air = 0.75, while for the waterfilled fiber n g = 1.33 we get N water = 0.51. We finally note that enhanced power transmission through the air-filled MOF compared to that of the same MOF filled with water can be considered as a demonstration of the superior light collection efficiency of an air-filled MOF compared to a simple rod-in-the-water fiber, which is a classical high NA alternative to light delivery through water.
Conclusion
To summarize, a novel air-clad polymer microstructured fiber with three super-wavelength supporting bridges was fabricated and characterized. The key feature of such a fiber is that the contact length of all the bridges with the fiber core was considerably smaller than the perimeter of the fiber core. For such fibers it was established that the loss due to material absorption was comparable to the loss due to leakage of light from the fiber core through the bridges into the cladding. Each loss mechanisms contributed approximately 5 dB m −1 over the whole visible PMMA transparency window, resulting in the overall fiber ∼10 dB m −1 transmission loss. A numerical aperture of over 0.60 was demonstrated for fiber pieces smaller than 30 cm and was shown to decrease gradually for longer fiber lengths. This was explained by the higher leakage rate of the rays propagating at sharper angles with respect to the fiber direction. Furthermore, even for fibers as long as 80 cm a relatively high NA of over 0.3 was observed. Finally, we demonstrated high NA operation of such fibers when the fiber tip is inserted into a highly diffusive aqueous environment. We also demonstrate a much higher light collection efficiency of our fibers compared to that of a simple rod-in-the-liquid fiber of identical diameter. These demonstrations show that such fibers can be excellent candidates for efficient light collection and evanescent sensing applications where only short pieces of fiber (shorter than 30 cm) are necessary.
